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In this study we assess the interchangeability and statistical agreement of two prevalent instruments
from the non-invasive ‘‘sniffer” method and compare their precision. Furthermore, we develop and val-
idate an effective algorithm for aligning time series data from multiple instruments to remove the effects
of variable and fixed time shifts from the instrument comparison. The CH4 and CO2 gas concentrations for
both instruments were found to differ for population means (P < 0.05) and intra-cow variation (precision)
(P < 0.05) and for inter-cow variation (P < 0.05). The CH4 and CO2 gas concentrations from both instru-
ments can be used interchangeably to increase statistical power for example, in genetic evaluations, pro-
vided sources of disagreement are corrected through calibration and standardisation. Additionally,
averaging readings of cows over a longer period of time (one week) is an effective noise reduction
technique which provides phenotypes with considerable inter-cow variation.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Methane (CH4) is an abundant and potent greenhouse gas with a
global warming potential substantially larger than that of carbon
dioxide (CO2) (IPCC, 2014). Dairy cattle through enteric methano-
genesis contribute up to 20% of global livestock greenhouse gas
emissions (Gerber et al., 2013). Research into mitigation strategies
such as nutritional additives, housing, vaccination and genetic
improvement has gained impetus in recent years. The assessment
of strategies requires accurate and repeatable individual measure-
ments under commercial conditions. Multiple instruments and or
techniques have been developed to measure enteric CH4 intensity
and emissions from cattle and other ruminants, each with their
own scope of applications, merits and demerits (Hill et al., 2016).
No singlemethod is perfect in all aspects and thus inmany instances
a reference method from which to make comparisons is lacking.
An emerging method for the measurement of CH4 and CO2 con-
centrations in the breath of dairy cattle, which is high throughput,
non-invasive and viable in commercial conditions, is the ‘‘sniffer”
method (Lassen et al., 2012; Garnsworthy et al., 2012a). Air iscontinuously sampled from the concentrate bin of automatedmilk-
ing systems (AMS) during individual milking and sample gas con-
centrations recorded. Two prevalent instruments are the Gasmet
DX-4000 (Gasmet; Gasmet Technologies Oy, Helsinki, Finland)
(Lassen et al., 2012; Haque et al., 2014) and the Guardian NG/Gas-
card (Guardian Plus; Edinburgh Instruments Ltd., Livingston, UK)
(Garnsworthy et al., 2012a,b; Bell et al., 2014a,b). While the tech-
niques and calculations differ, with the former employing a predic-
tion equation based on the ratio of the two gas concentrations and
production traits (Madsen et al., 2010) and the latter utilising a scal-
ing factor and methane emission rate (Garnsworthy et al., 2012a),
both methods rely on gas concentration readings. The cost of non-
invasiveness is restricting the animal to instrument interface and
introducing sources of error and imprecision between readings
due to air turbulence within the AMS and movement of the cows
head in the AMS concentrate bin (Huhtanen et al., 2015). Repeating
spot samples over a number of days to obtain a phenotype e.g. aver-
age gas concentrations over a week, reduces sources of error by a
function of 1 + r(n  1)/n where r is the intra-class correlation and
n the number of records; thus obtaining a representative value cap-
able of rankinganimals (Hegarty, 2013;Hill et al., 2016). No compar-
ative studies have been conducted on the two instruments to
determine their equivalence or lack thereof.
Assessing the statistical agreement between instruments is cru-
cial to informing the manner in which information from multiple
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ations. When measurements from both instruments on large-scale
numbers of individuals are available, a genetic correlation between
methods exceeding 0.8 is suitable to ascertain equivalence for
genetic evaluations (Robertson, 1959). However, one may wish to
establish agreement or lack thereof prior to measuring large num-
bers of individuals. According to Barnhart et al. (2007a), methods
may disagree due to different population means, differing
between-subject variances and differing within-subject variances.
Population means can be corrected through calibrations, but differ-
ent variances either require the more cumbersome instrument
variance reduction or standardisation techniques (Barnhart et al.,
2007a). As Bland and Altman (1999) pointed out, the partitioning
of the random error variance into within-subject variances (impre-
cision) cannot be done without replicate measurements per sub-
ject per instrument. Analysing replicate measures on cows from
AMS is challenging as the number of visits per cow to the AMS
(replicates) is variable. Furthermore, time has elapsed between
measures and thus the underlying biology has changed between
measures due to factors such as diurnal variation patterns of CH4
and CO2 concentrations (Lassen et al., 2012). Thus replicate mea-
sures per cow must be taken simultaneously with each instrument
and treated as paired observations i.e. ‘‘linked” replicates
(Carstensen, 2011).
Choosing the correct indices to assess agreement must be done
with care, for instance, despite having been discouraged for decades
as being irrelevant andmisleading, someauthors still computePear-
son’s correlation coefficient in method comparison studies (Altman
andBland, 1983; Bland andAltman, 1986; Carstensen, 2011). Even if
one of themethods is perfect, it will correlate poorly to a second less
precise method (Barnhart et al., 2007a). Likewise, unscaled agree-
ment indices such as the coefficients of variation within- and
between-animals, as well as scaled agreement indices such as Lin’s
three forms of concordance correlation coefficients (CCC) and
intra-class correlations coefficients (ICC), are reliant on between-
animal variance. Therefore, imprecise methods recorded on hetero-
geneous populations will still appear to agree favourably (Barnhart
et al., 2007a). An agreement index suited to repeatedmeasureswith
large errors and less reliance on population heterogeneity is the
coefficient of individual agreement (CIA) (Barnhart et al., 2007b).
Methods are regarded as interchangeable only if individual mea-
surements between instruments are similar to replicated measures
within instrument (Barnhart et al., 2007a).
An additional challenge when comparing instruments with
time-stamped measurements, is the clock synchronisation prob-
lem, where clocks can have fixed and variables shifts in time
(Ridoux and Veitch, 2007). In the absence of synchronised time
stamping, as is often the case when comparing readings from mul-
tiple instruments, it is possible to obtain a misleading result. Even
the most precise instrument will compare poorly when times-
tamped by an inaccurate clock.
The objectives of this paper were: (1) Demonstrate a fast
method for detecting fixed and variable shifts in time series. (2)
Conduct a method comparison analysis in the presence of linked
and variable number of replicates from each instrument. (3) Stan-
dardise instrument recordings to achieve satisfactory agreement
for joint analysis.2. Materials and methods
2.1. Design animals and feeding
Data was recorded over a three week period from end of April to
mid May 2015 at the Danish Cattle Research Centre (DCRC, Fou-
lum, Denmark). A total of 56 Holstein cows, average body weight686.6 ± 86.5 kg (mean ± sd), milk production 38.4 ± 0.34 kg/day
roughage dry matter 20.47 ± 4.43 kg /day and concentrates
2.5 ± 0.28 kg/day were recorded during the experimental period.
Cows were of mixed parity 44% 1st parity, 35% 2nd parity, 21%
3rd parity at mixed stages of lactation 36% early, 27% mid and
38% late (14–100 DIM early, 100–200 DIM mid, 200–305 late).
The DCRC barn is a free stall housing system with cubicles. Cows
had access to an AMS (DeLaval International AB, Tumba, Sweden)
where they were provided up to 3 kg of concentrate a day within
the concentrate bin. Cows were offered a TMR consisting of corn
silage, rapeseed meal and soybean meal ad libitum in individu-
alised feeding troughs (RIC-system, Insentec, Marknesse, The
Netherlands). Data on feed intake (concentrate and roughage),
weight and milk production are recorded continuously at the
DCRC. The study was conducted without altering management
protocols or feeding schemes conducted at the research centre.
Cows had free access to AMS with a minimum visit cycle limitation
of 4 h, except during the two daily automated cleaning cycles.
Cows presented for milking on average 2.4 ± 0.86 visits/day
(mean ± sd) during the trial period. The data in this study is gener-
ated on cows performing under typical commercial conditions
which are representative of a general dairy cattle population in
Denmark.
2.2. Breath sampling analysis
CH4 and CO2 gas concentrations are routinely analysed at DCRC
by using infrared gas analysers installed within each AMS (Guar-
dian NG/Gascard, Edinburgh Instruments Ltd, Livingston, UK) with
a range of 0–1% CH4 and 0–5% CO2 and logged with NOVUS FIELD
LOGGER software (NOVUS Automation, www.fieldlogger.net). The
air inlet was custom installed in the upper left rear side of the
AMS feed bin so as to be aligned with the nostrils of a feeding
cow as per the second experiment described by Garnsworthy
et al. (2012a). Air is sampled continuously at a rate of 1 L/min
through a 4 mm polyurethane tube approximately 3 m in length
with an inline particulate filter to remove dust and a permeable
tube with pressurised dehumidified air to remove water vapour
before reaching the sensors. The exhaust port of the analyser is
vented a minimum of 3 m clear of any sampling point. Data is
logged at 1 s intervals and stored perpetually though the use of
remote access. Sensors were calibrated prior to the experiment
by flushing the sensor inlet with a calibration gas containing 0.0%
CH4 and 0.0% CO2 to set the lower range and then flushed with a
calibration gas containing 1.0% CH4 and 3.0% CO2 to set the upper
range (both gases in synthetic air HiQ 4.0; AGA, Fredericia, Den-
mark). Sensors were installed for the recording of entry and exit
times within the same time series as the continuous gas
concentrations.
The portable Fourier transformed infrared analyser FTIR (Gas-
met DX 4000, Gasmet Technologies Oy, Helsinki, Finland) was
installed at DCRC as per methods used for sampling through-out
Denmark (Lassen and Løvendahl, 2016). The inlet was installed
within the feed bin of the AMS in a manner analogous to the Guar-
dian with the exception that the location was in the upper right
rear of the bin to mirror and the inlet of the Guardian, in order
to prevent the differential pumping rates from creating turbulence
at the inlets. Air was sampled continuously through the integral
pump at a rate of 4 L/min, starting with an inline particulate filter
at the inlet via a 5 m long hose heated to 180 C before entering the
sensor unit. The exhaust gases were vented more than 3 m away
from any sampling points. Data was logged continuously at 5 s
intervals using Calcmet Software and stored on an integral laptop,
thus the Guardian and Gasmet data was timestamped by different
data logger software on different servers. The analyser provides
reading for the multiple gases as well as water vapour, external
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range of 0.0–5.0% (Teye et al., 2009). Prior to the start of the exper-
iment, the inlet pipe heating elements are heated to 180 C and the
sensor chamber is flushed out with 100% nitrogen gas for 0 point
calibration. The identification number (ID) of the cow, start and
exit time of the first visit to the AMS after installation and calibra-
tion, is recorded to facilitate alignment with AMS data and deter-
mine initial fixed differences between time series.
The AMS records cow ID as well as total yield, status of visit,
entry and exit times. Thus the AMS data is a third time series, time
stamped by a separate server. Twice daily the AMS enters into an
automated cleaning cycle of approximately 30 min in duration,
during which no cow can enter the AMS. The cleaning cycles occur
between 3:30 and 5:00 as well as 15:50 and 17:00 daily. The values
recorded during the morning cleaning cycle are used to determine
the ambient concentrations (Baseline) of CO2 and CH4 for each day.
2.3. Algorithm steps for prediction of cow entry times and head lifting
In order to align all three time series datasets to a common
time, it was first necessary to account and correct for the fixed or
variable time shifts between the servers used to timestamp the
records. Since a cow exhaling into the concentrate bin of the
AMS is accompanied by sudden and large changes in the concen-
trations of gases recorded by both instruments, it is possible to
identify cow entry times in the datasets of the two instruments
and align with the entry times of the AMS dataset. The algorithm
used to identify cow entry was undertaken in progressive steps
in the analysis. Firstly, the algorithm used Holt’s double exponen-
tial smoothing to establish a time step to time step smoothed
value, slope and forecast of CO2 gas concentrations for both instru-
ments. Then the detection of cow entry was based upon the
smoothed value and slope. An added benefit of the algorithm is it
enables the filtering of data when the cow is deemed (indirectly)
to have lifted its head in a manner similar to that implemented
by Garnsworthy et al. (2012a) and Huhtanen et al. (2015). See
Appendix A for a detailed description of the algorithm.
2.4. Gas concentration variables
Both the Guardian and the Gasmet series were brought into
time alignment with the AMS dataset and expanded. The data
where the cow’s head is predicted to be out of the feed bin was fil-
tered and means of CO2 and CH4 concentrations for each AMS visit
were calculated for further analysis. Furthermore, the AMS time for
the start of each visit was converted to 24 h angular radians and
modelled in a Fourier series approach and ambient gas concentra-
tions from the AMS morning cleaning cycles stored (Løvendahl and
Bjerring, 2006; Lassen et al., 2012).
2.5. Statistical analysis
Gas concentration data from both instruments was transformed
by means of a natural logarithmic transformation to meet the
requirements of normality of residuals. Data was analysed using
linear mixed effects (LME) models with Kronecker product covari-
ance structure in a doubly multivariate set-up (Hamlett et al.,
2004; Roy, 2009), by means of the MIXED procedure of SAS with
repeated measures linked through time (ver. 9,3; SAS Institute
Inc., Cary, NC). A Kenward–Roger correction was utilised for com-
puting the correct denominator degrees of freedom of fixed effects
in the presence of repeated measures (Kenward and Roger, 1997).
As the number of replicate measures per cow per day can vary
from 2 to 5 and may not be equal between cows, the number of
replications by each method on each cow is equal to pi. Therefore,the number of observations on the ith subject ni is 2  pi. The LME
for the ith cow can be written as:
yi ¼ b0 þ b1Mi1 þ b2Mi2 þ b3Dateþ
X3
g¼1
f 1g sin£þ f 2g cos£
 
þ b6Baseþ b1iZi1 þ b2iZi2 þ i
where every method replication response is denoted by subscript i,
termsMi1 andMi2 indicate the instrument each response belongs to.
The regression coefficients b0 is the intercept, b1 and b2 are the
respective fixed effects of instruments, b3 is the fixed effect of date
of measurement, f 1g and f 2g are fixed regression coefficients of Four-
ier series linear covariates of the time of day of measurement. Sub-
scripts £ denote the time of day as angular radians. b6 is a fixed
regression coefficient on the linear covariate of the daily back-
ground gas concentrations during the morning AMS cleaning cycle.
Terms b1i and b2i are random effect parameters for each of the two
instruments and Zi1 and Zi2 relate responses yi to methods. The
above equation can be re-written in matrix notation equations for
further clarification:
yi ¼ Xibþ Zibi þ i
with
bi  Nmð0;DÞ
and
i  Nnið0;RiÞ
where (yi) is all the responses of the ith cow, modelled as dependent
on systematic effects b given design matrix of fixed effects Xi,
described for the equation above. Random effects of each instrument
across cows is given by bi with incidencematrix Zi. Variance–covari-
ancematrixD gives between cow variation and variance–covariance
matrix Ri gives within cow sources of variation.
The method described in detail by Roy (2009) was employed to
formally test the significance of differences for the between-
subject, within-subject and total variances of the two instruments
by means of log likelihood ratio tests between models differing for
various combinations of structured or unstructured variance–co-
variance matrices D and Ri. The CIA was calculated as per Barnhart
et al. (2007a) for comparisons without a reference method.
Once sources of disagreement were identified, the (yi)
responses of the Gasmet were calibrated and standardised to that
of the Guardian mean and total variance for both gases by means of
STANDARD procedure in SAS. The aforementioned models were re-
run to evaluate the effects of calibration and standardisation on
measurement agreement, the results of which are summarised in
Table 2. Furthermore, the sum of the intercepts, random solutions
and residuals for each instrument and gas variable was taken as
the per visit gas concentration corrected for daily background, time
of day and date. The corrected per visit gas concentrations were
then used to calculate the mean corrected gas concentration per
day and the mean corrected daily concentrations per week. A
reduced version of the model equation above only including fixed
effects of day or week of measurement was utilised to estimate
means and variances of the averaged gas phenotypes, the results
of which can be found in Table 3 below.
3. Results and discussion
3.1. Time series alignment
The alignment algorithm correctly identified a fixed time differ-
ence of 1 h between the Guardian time series and AMS time series
due to inconsistent Daylight Saving Time (DST) implementation.
Table 1
Sources of (dis)agreement for CH4 and CO2 concentrations per AMS visit after common time alignment.
Methane concentration ln(PPM) Carbon dioxide concentration ln(PPM)
Guardian Gasmet Guardian Gasmet
Mean ± S.E. 6.808a ± 0.0176 6.564b ± 0.0292 8.478a ± 0.0371 9.128b ± 0.0239
Inter-cow variation 0.017a 0.045b 0.075a 0.031b
Intra-cow variation 0.026a 0.091b 0.080a 0.035b
Total variation 0.042a 0.136b 0.155a 0.066b
Intra-class correlations 0.39a 0.33a 0.48a 0.47a
Pearson’s correlation 0.55 0.44
CIA 0.54 0.18
a,b Estimates with subscripts differ (P < 0.05).
Table 2
Sources of (dis)agreement for CH4 and CO2 concentrations per AMS visit after common time alignment, calibration and standardisation.
Methane concentration ln(PPM) Carbon Dioxide concentration ln(PPM)
Guardian Gasmet Guardian Gasmet
Mean ± S.E. 6.806a ± 0.0178 6.791a ± 0.0169 8.479a ± 0.0169 8.439a ± 0.0371
Inter-cow variation 0.017a 0.015a 0.074a 0.075a
Intra-cow variation 0.028a 0.031b 0.078a 0.086b
Total variation 0.045a 0.046a 0.151a 0.161a
Intra-class correlations 0.38a 0.33a 0.49a 0.46a
Pearson’s correlation 0.49 0.42
CIA 0.78 0.65
a,b Estimates with subscripts differ (P < 0.05).
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between the Gasmet time series and AMS time series as per the dif-
ferences between the start times recorded for the first cow after
installation. The variable component of time drift between the
time series of both instruments, the door sensors in the Guardian
time series and the AMS time series can be seen in Fig. 1 below.
For the Guardian, the prediction algorithm correctly identified
the variable drift with a constant difference of 8 ± 4 s as compared
with the door sensors in the AMS. The constant difference is attrib-
uted to the lag in time between the door opening and the first air
sample containing the cow’s breath reaching the gas sensor. The
Gasmet time series drifted approximately 1 s per day whereas
the Guardian time series drifted approximately 0.2 s per day. For
the Guardian time series the detection rate of the alignment algo-
rithm was verified at 97% for fixed and constant drift on a daily
basis as compared to the door sensors. For the Gasmet only the
observed (fixed) difference between the time series for the first
day was possible. The alignment algorithm greatly improves the
alignment of gas concentration signal with the associated cow
accounting for fixed time shifts and variable time shifts. Thus theTable 3
Average daily and weekly gas concentrations for standardised measurements.
Methane concentration
Guardian Gasm
Mean visit Per day Ln(PPM)
Mean ± S.E. 6.658a ± 0.018 6.641
Inter-cow variation 0.017 0.016
Intra-cow variation 0.012 0.015
Intra-class correlations 0.58 0.51
Pearson’s correlation 0.45
Mean visit per week Ln(PPM)
Mean ± S.E. 6.655a ± 0.018 6.642
Inter-cow variation 0.016 0.016
Intra-cow variation 0.003 0.005
Intra-class correlations 0.84 0.77
Pearson’s correlation 0.49
a,b Estimates with subscripts differ (P < 0.05).algorithm removes a potential source of bias and error from the
subsequent instrument comparisons. A plot of sample data for
CH4 concentrations (PPM) for four cow visits from both instru-
ments after alignment can be found in Fig. 2 below. A visual
inspection of Fig. 2 reveals that whilst visible differences exist
between instrument readings, variable and fixed time drift are no
longer a contributing factor to differences between instruments.
3.2. Instrument comparison, calibration and standardisation
The population means and all variance components differed
(P < 0.05) for both gas concentrations between instruments
(Table 1). As neither method is the reference method, we cannot
report which instrument has the most accurate population means
for either of the gas concentrations reported. The ICC estimates are
moderate and similar in magnitude for each of the instruments and
gas concentrations. Furthermore, they are directly comparable
with those reported by Lassen et al. (2012) for the mean Gasmet
gas concentrations on a per visit basis. Though discouraged in com-
parisons studies, we provide the Pearson’s correlation coefficients,Carbon dioxide concentration
et Guardian Gasmet
a ± 0.017 8.313 a ± 0.037 8.272 a ± 0.037
0.074 0.072
0.036 0.050
0.67 0.58
0.41
a ± 0.017 8.307a ± 0.037 8.273a ± 0.0371
0.074 0.071
0.012 0.018
0.87 0.80
0.42
Fig. 1. Variable clock drift between instrument time series (Gasmet_Predicted & Guardian Predicted), Guardian door sensors (Guardian Validation) and AMS time in seconds.
Fig. 2. CH4 gas signal for multiple cow visits after time alignment Guardian NG (Green solid line) Gasmet (Blue dashed line). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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gases. Considering that all sources of (dis)agreement differed sig-
nificantly, it is not surprising that the CIA estimates are moderate
and low for CH4 and CO2 concentrations respectively, with the esti-
mate for CO2 being particularly poor and worse than for CH4. Based
on the criteria for statistical agreement of equivalence of means
and total variability suggested by Roy (2009), and the threshold
of ‘‘good” interchangeability (0.455) defined by Barnhart et al.
(2007b), we can see that CH4 measures of both instruments can
be used interchangeably but the CO2 cannot, without further
remedy to the sources of disagreement.
After calibration and standardisation of the Gasmet measure-
ments to those of the Guardian it can be seen that the populationmeans, inter-cow variation and total variation no longer differ
(P > 0.05) (Table 2). While lack of a reference method precludes
inference about the accuracies, inference about precision is possi-
ble using the intra-cow variation. The intra-cow variation differed
(P < 0.05) for both CH4 and CO2 between instruments, with the
Gasmet having marginally higher estimates for both gases. The
ICCs and Pearson’s correlations are very similar to those computed
before calibration and standardisation as they are largely unaf-
fected by calibrations and variance scaling. The CIA estimates for
CH4 and CO2 increased substantially with 145% and 356% increases
respectively, and were thus more similar for CH4 than for CO2.
Using the criteria of statistical agreement and interchangeability
we see that for CH4 and CO2 the instruments can be used
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from both instruments in the interests of increasing statistical
power.
The descriptive statistics, ICC and Pearson’s correlations for
mean visit concentration per day and per week, after standardisa-
tion and calibration, are contrasted for CH4 and CO2 in Table 3
below. The population means do not differ for all pairs of gas con-
centration variables. The ICC estimates increase with each increase
in time and thus, number of visits used to estimate mean values.
The intra-cow variation decreased as a function of 1 + r(n  1)/n
where r is the intra-class correlation and n is the number
of repeated measures thus, the effect of noise is reduced
while the animal variance remains constant i.e. averaging out
imprecision.
The ICC estimates for CH4 and CO2 of the Guardian are in the
order of magnitude of those reported by Bell et al. (2014b) for a
similar phenotype estimated on per week of lactation basis. Dif-
ferences between instruments were expected as instruments dif-
fered on multiple technical aspects e.g. gas concentration
sensitivity ranges, differential pumping rates, differential sensitiv-
ities to temperature and humidity, etc. Moreover the Guardian
instrument in this study is dedicated solely to measuring CH4
and CO2 intensities, whereas the Gasmet records and transforms
IR spectra into ten different gases including CH4 and CO2. Auto-
correlations between flanking spectral regions could be the cause
of the marginal increase in imprecision observed with the Gasmet
instrument.4. Conclusion
We detected fixed and variable shifts in time series between
instruments and our algorithm was effective in aligning data series
to a common clock time on a per day basis. Instead of genetic cor-
relations between measurements exceeding 0.8 or simultaneous
measurements with a reference method, we make use of statistical
agreement and interchangeability to assess equivalence of meth-
ods. Measurements of CH4 and CO2 from both instruments can
be used interchangeably provided sources of disagreement are
identified and corrected for by means of calibration and standard-
isation. However, simultaneous repeated measures on multiple
cows by both instruments are required to identify sources of dis-
agreement. The ICC estimates show the inter-cow variation is con-
siderable, particularly with measurements recorded over a one
week period and is encouraging for genetic improvement of the
phenotype. It is pertinent to note, the phenotypes estimated here
are gas concentrations and not absolute emissions. Further com-
parisons between techniques which estimate emissions from con-
centration are required.Conflicts of interest
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the interesting discussions and input.Appendix A. Algorithm steps for prediction of cow entry times
and head lifting
Step 1: Holt’s double exponential smoothingThe smoothed value (Lt), slope (bt), and forecast (Ftþ1) of CO2 gas
concentrations for both instruments for each time point were
established:
Lt ¼ ayt þ ð1 aÞðLt1 þ bt1Þ
bt ¼ bðLt  Lt1Þ þ ð1 bÞbt1
Ftþ1 ¼ Lt þ bt
The smoothing factors a and b gives relative weights to new
information and was determined by means of a grid search though
parameter space 0 to 1 to increments of 0.1 to minimise the Mean
Square Forecast Error (MSFE):
MSFE ¼
Xt
i¼1
ðFt  ytÞ
2
=t
Step 2: Deviations from smoothed value:
For each time step, the deviation between the observed CO2
concentration and the smoothed value was calculated as the
square of the simple difference:
x2t ¼ ðyt  LtÞ
2
Step 3: Detection of cow entry:
The square deviations of smoothed value were expected to be
nearly free of diurnal variations and thus reach 0 between cow vis-
its. Therefore square deviations exceeding a threshold (d) indicated
a sudden change. A rule was applied whereby a reading exceeding
the threshold with three past square deviations below the thresh-
old, along with three consecutively increasing slope values, was
defined as the start of a cow entry.
Step 4: Detection of cow head lifting:
A second threshold (u) was defined as the upper 95% confi-
dence interval from the ambient CO2 concentrations found during
the morning AMS cleaning cycles. If the slope increased for three
consecutive time steps followed by three decreasing time steps,
it was defined as a peak. Thus readings must contain peaks and
the smoothed value exceeding the threshold (u) to be defined as
cow head inside the bin.
Step 5: Calculation of time displacement:
The time elapsed between each predicted cow entry point and
the successive predicted entry point was extracted and stored in
an n  2 array, where n is the total number of predicted visits. Sim-
ilarly, the time elapsed between each AMS entry time and the suc-
cessive entry time was extracted and stored in a separate n  2
array where n is the number of visits. For both arrays each row
was summedandmatchmergedbyuse of SQLProcedure in SASwith
a tolerance of 20 s and added limitation thatmatchesmust have the
same date. Three consecutive correctly predicted cow entries are
required to achieve a match with three consecutive AMS cow entry
times. The difference between the times of the predicted cow entry
and the AMS cow entry gives the time displacement between each
time series. Time displacement estimates are further filtered by nar-
rowing the range of displacement to ± (01:01:00 h) allowing for
clock changes at Daylight Saving Time onset and reset. The mean
of all displacement estimates for each day are then subtracted from
the time variable of one of the datasets to bring the time series into
‘common time’ and allow merging by time.
226 G.F. Difford et al. / Computers and Electronics in Agriculture 124 (2016) 220–226Step 6: Optimisation and validation:
A subset of the data from each instrument was used as a
training set to optimise thresholds for cow entry prediction. This
consisted of the 3:00–6:00 period during which a cleaning cycle
occurred and readings are assumed to have fallen to ambient barn
concentrations, and the 10:00 until 13:00 when many milkings
follow in quick succession and thus readings between milkings
are assumed to not always have fallen to ambient levels. If the
threshold (d) is set too high the detection rate in the later subset
is low. Conversely, if the threshold is too low multiple false
positives are predicted within each visit. Since the two scenarios
are antagonistic, an optimisation was performed. The a ¼ 0:9,
b ¼ 0:1, d ¼ 500 and u ranged between 600 and 1000 for both
instruments.
The Guardian had integral door sensor readings from the gates
of the AMS. A 2  n array was constructed as per those above and
match merged to the array from the AMS dataset. The displace-
ment between the door sensors and AMS was then utilised as a
known time displacement to validate the algorithm for the
Guardian dataset only.
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